We study the phenomenology of singlet Dirac fermion dark matter in the simplified models where the dark matter interacts with the Standard Model particles at loop-level with the help of either colored or non-colored mediators. We especially focus on the implications of non-zero CP phases in the dark sector, which induce the electric dipole moments of the Dirac fermion dark matter as well as those of electron and nucleon. It is then found that the dark matter direct detection searches and the measurements of the electric dipole moments are able to test the singlet Dirac fermion dark matter scenario in the forthcoming experiments.
Introduction
Weakly-interacting massive particles (WIMPs) offer the most promising framework to explain dark matter (DM) in the Universe, as their thermal relic abundance naturally agrees with the observed DM density. A variety of possibilities for WIMP DM candidates have been proposed so far; for instance, a real or complex scalar particle that is singlet under the Standard Model (SM) gauge interactions and is stabilized by, e.g., a Z 2 symmetry is known to be the simplest example for WIMP DM [1] . This scalar DM has a quartic coupling with the SM Higgs field at the renormalizable level, which allows the DM particles to annihilate into SM particles. This DM interacts with nucleons through this quartic coupling, which enables us to test this DM model in future DM direct detection experiments.
Fermionic DM candidates are, on the other hand, classified into either a Majorana or Dirac fermion. It turns out that these two classes of DM candidates have different phenomenological properties, as Majorana fermions have neither vector nor dipole interactions, while Dirac fermions are able to have both of those interactions. In addition, pair annihilation cross sections of Majorana fermions into light fermions are suppressed as the s-wave annihilation requires chirality flip, while those of Dirac fermions are free from such suppression. Thus, for Dirac fermion DM, heavier mass regions may be favored in terms of the thermal relic abundance compared to Majorana fermion DM, which allows a simple explanation for the null results in the existing DM searches such as the LHC and DM direct detection experiments.
In this paper, we focus on the singlet Dirac fermion DM. If DM is a Dirac fermion, there should exist a U(1) symmetry, either global or gauged, under which the DM has a non-zero charge so that the nature of Dirac fermion is maintained. This possibility is theoretically interesting since it explains the stability of the DM as in the case of proton, which is cosmologically stable because of an accidental global U(1) symmetry (baryon number) in the SM. Such a setup is also motivated by the so-called asymmetric DM scenario [2] , in which asymmetry in the DM particle and antiparticle number densities accounts for the observed DM density.
When DM is a fermion which is singlet under the SM gauge interactions, additional fields called mediators are required in order for the DM to interact with the SM sector. This is because there is no renormalizable intearction of the DM with the SM fields. A variety of options for introducing such mediators have been considered so far. A simple way is to add a singlet scalar particle which couples to both the fermionic DM and the SM Higgs boson [3] . Another way is to assume that DM couples to a neutral gauge boson which interacts with the SM fields as well [4, 5] . Moreover, if there are extra scalars that have the same quantum numbers as those of the SM fermions, DM may couple to the SM fermions directly with the help of these scalar particles [6] [7] [8] . If one introduces an SU(2) L doublet fermion with hypercharge ±1/2, we may also couple the singlet fermion DM to the SM Higgs field.
In all of the above cases, the fermionic DM couples to the SM sector at tree level. On the other hand, in this paper, we study the cases where the Dirac fermion DM does not couple to the SM sector at tree level, but does couple to it at loop level. To that end, we consider simplified Dirac fermion DM models, where extra fermions and scalars with non-zero SM gauge charges are coupled with the Dirac fermion DM. 1 As mentioned above, the Dirac fermion DM may have vector and tensor couplings, which considerably affect the direct detection rate of DM. However, the significance of these couplings depends on models. For instance, if the Dirac fermion DM had a direct coupling with light quarks via a mediator, this interaction would induce vector-current four-Fermi interactions with light quarks at tree level after the mediator is integrated out, but such interactions cause a large DM-nucleus scattering cross section and thus have already been severely constrained by the DM direct detection experiments. If, on the other hand, the Dirac fermion DM is coupled to the SM sector at loop level, these vector interactions are suppressed by a loop factor and the direct detection bound may be evaded. It turns out that in this case the tensor couplings may give significant contributions to the DM direct detection even if they are also suppressed by one-loop factor. The Dirac fermion DM may have a magnetic dipole moment (MDM)-and an electric dipole moment (EDM) as well if the DM-mediator interactions contain CP phases. These dipole moments open up possibilities to test this DM candidate in DM direct detection experiments [10] .
As it turns out, the detectability of the DM through the dipole moments is considerably affected by the size of the EDM, which depends on the CP phases in the DM-mediator couplings. These CP phases, as well as the CP phases in the mediator-Higgs couplings, also induce CP-odd quantities in the SM sector at loop level, and thus we may probe them through the measurements of electron and nucleon EDMs. In particular, if the Dirac fermion DM is accompanied with colored mediators, they generate the dimensionsix Weinberg operator [11] , which then induces nucleon EDMs. We thus expect a close correlation between the DM and nucleon EDMs, which has significant implications for the testability of this DM scenario in the future DM direct detection and EDM experiments. This paper is organized as follows. In the next section, we show our simplified Dirac fermion DM models. We then briefly discuss the thermal relic abundance of DM in the models in Sec. 3. The DM direct detection and the electron and nucleon EDMs generated in these model are discussed in Sec. 4 and Sec. 5, respectively. Then, in Sec. 6, we show the current constraints on our simplified Dirac fermion DM models, and discuss their testability in future experiments. Section 7 is devoted to conclusion and discussion.
2 Simplified Dirac Fermion DM Models
Field content and Lagrangian
To begin with, we show our simplified Dirac fermion DM models which we discuss in this paper. The Dirac fermion DM χ is composed of two Weyl fermions, ξ χ and η χ , which 
are assumed to be singlet under the SM gauge interactions. 2 We then introduce a global U(1) symmetry, U(1) D , and assume that these fermions have the U(1) D charge +1 and −1, respectively. The SM particles are supposed to be singlet under the U(1) D symmetry.
In addition, we introduce vector-like fermions and complex scalars as mediators, in order to couple the Dirac fermion DM to the SM sector at loop level. These additional particles have SM gauge interactions, which then induce the couplings of the DM with the SM gauge bosons through quantum corrections. To avoid stable charged/colored fermions, we assume the extra vector-like fermions to have the same quantum numbers as those of the SM fermions and to mix with the SM fermions by a small amount. Thus, these extra fermions should be singlet under U(1) D . For the DM to couple with the extra fermions, we need to assume that the extra scalar particles also have the same quantum numbers as those of the SM fermions and are charged under U(1) D . These U(1) D -charged scalars are supposed to be heavier than the Dirac fermion DM to insure the stability of DM.
We list sets of such extra scalars and fermions and show their quantum numbers in Table 1 . Here, all of the fermionic fields are introduced in a vector-like manner so that they form Dirac fields. This simultaneously assures that these new fermions do not cause gauge anomaly. In addition, since the Dirac fermion DM is the only fermion that has non-zero U(1) D charge, this U(1) D symmetry is also anomaly-free.
3
In what follows, we consider two models where different sets of fields are added to the SM besides the Dirac fermion DM χ; Model I contains ξ Q , η Q , Q, ξū, ηū, ū, ξd, ηd, and d , while Model II includes ξ L , η L , L, ξē, ηē, and ē. These sets of particles are shaded in pink and green in Table 1 , respectively. These two models are qualitatively different, since in Model I the DM interacts with colored particles while it does not in Model II. We also denote the SU(2) L component fields of ξ Q , η Q , ξ L , and η L by
respectively, while for Q and
The mass terms of these fields are given by
where the sum is taken over the extra matters in each model. m 2 f are real, while µ χ and µ f are in general complex quantities.
In both of the models, the Dirac fermion DM has the following interactions:
These interactions induce the annihilation of the DM into the extra vector-like fermions via t-channel exchange of the extra scalars if the vector-like fermions are lighter than the DM.
The vector-like fermions may have Yukawa couplings with the SM Higgs field H as they are allowed by the gauge invariance in the models,
where α, β are SU(2) L indices, αβ is the anti-symmetric tensor with 12 = − 21 = +1, and H ≡ iτ 2 H † . Note that, in this paper, we have defined η Q and η L such that they transform as anti-fundamental representations of SU(2) L ; i.e., iτ 2 η Q and iτ 2 η L are fundamental representations of SU(2) L , where τ a (a = 1, 2, 3) are the Pauli matrices. As mentioned above, we assume that the extra vector-like fermions have small but non-zero Yukawa couplings with the SM fermions so that these vector-like fermions decay into the SM fermions; we do not show these terms explicitly here and hereafter. The new scalar fields may also have trilinear terms similar to the terms in Eq. (5):
In addition, there may be quartic couplings
where dots indicate other quartic terms that contain only the new scalar fields. Such terms are irrelevant to the following analysis, and thus we neglect them in what follows. The extra-scalar interactions in Eqs. (6) and (7) give rise to the mass terms of the extra scalars as we see in the next subsection.
Mass eigenstates
After the Higgs field develops a vacuum expectation value (VEV),
with v 246 GeV, the extra fermions and scalars mix among each other. For the fermionic part, the mass terms are
processes freeze out, and the number of the DM particles in a unit comoving volume becomes constant. The resultant DM relic density is thus determined by only the pair annihilation cross section of the DM particles at the decoupling temperature, unless other particles with nonzero U(1) D charges are degenerate with the DM particles in mass so that significant amount of these particles is left in the thermal bath at the decoupling temperature. In the present model, the DM particles annihilate through the couplings in Eq. (4); they annihilate into the vector-like fermions through the t-channel scalar exchange processes if the vector-like fermions are lighter than the Dirac fermion DM. If the vector-like fermions are heavier than the DM, on the other hand, the tree-level annihilation processes into the vector-like fermions are kinematically forbidden and they annihilate into the SM particles at loop level; therefore, in this case the annihilation cross section is much smaller than the former case. To obtain a sizable annihilation cross section, we assume throughout this work that the vector-like fermions are lighter than the Dirac fermion DM, though we may find a parameter region in which the correct relic abundance is obtained even when the DM particle is lighter than the vector-like fermions.
The Dirac fermion and its antiparticle annihilate efficiently via s-wave annihilation processes. Expanding in powers of the relative velocity between these particles, v rel , and keeping only the leading contribution, we obtain the cross section of the annihilation process
where To roughly estimate the typical size of the annihilation cross section, we take 
Effective interactions
To begin with, let us consider the effective couplings of DM with photon (γ). The Dirac fermion DM couples with photon at one-loop level through the Feynman diagrams depicted in Fig. 1 . The relevant DM-γ interactions for the direct detection experiments are given by
with F µν being the field strength of the photon field, A µ :
, and C γ R denote the Wilson coefficients for the DM magnetic dipole moment (DM-MDM), the DM electric dipole moment (DM-EDM), and the DM charge radius (DM-CR), respectively. These Wilson coefficients are obtained through the matching of our models onto the effective theory with these interactions; the concrete expressions for these Wilson coefficients are summarized in Appendix B.1. The DM-EDM is induced in the presence of non-zero CP-phases in the DM-mediator couplings. We note in passing that we have ignored the DM anapole moment, described by the effective operatorχγ µ γ 5 χ∂ ν F µν , as this contribution is always subdominant due to the velocity suppression.
As we see in Sec. 2, there are many free parameters in both Model I and II. To simplify the analysis, in what follows, we focus on the following five cases and study their phenomenologies:
• Model I-A: Model I with a Q = aū = ad ≡ a and b Q = bū = bd ≡ b.
• Model I-B: Model I with a Q = ad = b Q = bd = 0, aū ≡ a, and bū ≡ b.
• Model I-C: Model I with a Q = aū = b Q = bū = 0, ad ≡ a, and bd ≡ b.
• Model II-A: Model II with a L = aē ≡ a and b L = bē ≡ b.
• Model II-B: Model II with b L = a L = 0, aē ≡ a, and bē ≡ b.
The rest of the parameters are set to be certain appropriate values in each analysis. 
In all of these plots we take
. 5 The solid and dashed lines correspond to arg(b) = 0.1 and 1 degrees, respectively. These plots show that both DM-MDM and EDM described by g M and g E , respectively, have little dependence on the DM mass, as we fix the ratios between the DM mass and the scalar masses. In addition, the DM-MDM is almost independent of the CP phases in the DM-mediator couplings, while the DM-EDM strongly depends on these phases as expected.
At one-loop level, the DM-Z boson, DM-Higgs boson, and DM-gluon interactions are also induced through the diagrams shown in Fig. 1 In what follows, we focus on the spin-independent interactions since the limits on these interactions from the direct detection experiments are much stronger than those on the spin-dependent interactions. We also neglect the effective interactions that are suppressed in the non-relativistic limit.
We further integrate out the Z and Higgs bosons to obtain the effective DM-quark/gluon operators. At low energies with three flavor quarks, the relevant interactions are
where m q are the quark masses, α s ≡ g These quark/gluon operators then induce the spin-independent DM-nucleon interactions, which are described by
where N = p, n represents the nucleon field. The DM-nucleon vector coupling f [27] gives
At leading order in α s , we then have [28] 
with f
Tq . To see the significance of the contributions of the vector and scalar interactions as well as that of the charge radius, in Fig. 5 , we plot the absolute values of f that there is cancellation among these contributions. We also note that although f 
Scattering cross section
By using the effective couplings obtained above, we evaluate the differential scattering cross section of the DM with a target nucleus with respect to the recoil energy E R :
where A, Z, and m T are the atomic number, mass number, and mass of the target nucleus, respectively. v rel is the relative velocity of the DM and the target nucleus with v rel ≡ |v rel |, and
2 is the maximum recoil energy for a given v rel . F c (E R ) is the nuclear form factor, for which we exploit the Lewin-Smith parametrization [29] of the Helm form factor [30] :
with j 1 (x) a spherical Bessel function of the first kind, q = √ 2m T E R , s = 0.9 fm,
π 2 a 2 − 5s 2 , a = 0.52 fm, and c = (1.23A 1/3 − 0.60) fm. Figure 6 shows the first, second, and third terms in the square bracket in Eq. (30) as functions of the DM mass in the black, purple, and green lines, respectively; we refer to them as the MDM, EDM, and Contact contributions, respectively. Here we take the same parameter sets as in Fig. 2 , with the solid (dashed) lines correspond to arg(b) = 0.1 (1) degrees, and fix the rest of the parameters in Eq. (30) to be E R = 30 keV, v rel = 232 km/s, Z = 54, A = 131, and m T 122 GeV (for 131 Xe). As we see, the Contact contributions in Model I-C, II-A, and II-B are much smaller than the MDM and EDM contributions due to the cancellation found in Fig. 5 . Moreover, if there is a sizable CP violation in the DM couplings, the EDM contribution dominates the other contributions, since this contribution is strongly enhanced at low recoil energy because of the long-range photon exchange, as can be seen in Eq. (30).
Event rate
We are now ready to estimate the expected number of events in direct detection experiments. The differential event rate of the DM-target nuclei scattering process per unit detector mass is where ρ DM is the local DM density, f ⊕ (v rel ) is the DM velocity distribution in the lab frame, and v min (E R ) is the minimum speed required to yield recoil energy E R :
For the DM velocity distribution, we assume a Maxwell-Boltzmann distribution in the galactic frame with a maximum speed that is set to be equal to the galaxy escape velocity
with v E denotes the velocity of the Earth with respect to the galactic frame and
with
From Eqs. (30) and (32), we see that to obtain the differential event rate we need to perform the following integrals with respect to the relative velocity:
We give analytical expressions for these integrals in Appendix C.
Direct detection bound
When we consider limits from direct detection experiments on a given model, it is often the case that we compute the DM-nucleon scattering cross section in the model and compare this with the bounds on this quantity obtained by direct detection experiments.
In the present case, however, we are unable to adopt this strategy due to the following reasons. First, as can be seen in Eq. (30), the differential scattering cross section in our models may have several components that have different dependence on recoil energy, while in obtaining the direct detection limits the recoil-energy dependence is assumed to be the same as that of contact interactions (the second line in Eq. (30)). Second, the DM-proton scattering cross section may be quite different from that of the DM-neutron scattering in our model, while in the ordinary cases those two quantities are almost the same. Consequently, to study the current limits on our models from direct DM searches and their future prospects, we need to compute the number of events N event in each direct detection experiment by integrating out dR/dE R over the recoil energy E R with taking account of the detection efficiency, and compare this with the results from the existing experiments or with the sensitivities expected in the future experiments. The prescriptions for this procedure exploited in this paper are given for each direct detection experiment in Appendix D. In this work, we use the latest result from the XENON1T experiment [31] to obtain the current bound. For the estimate of future prospects, we consider the expected sensitivity of the XENONnT [32] .
7 To obtain the expected number of events, we use ρ DM = 0.3 GeV·cm −3 , v 0 = 220 km/s, v esc = 544 km/s, and v E = 232 km/s as in Ref. [31] .
In Fig. 7 , we show the current constraints on the DM-MDM and DM-EDM as functions of the DM mass by the green shaded regions, which correspond to the XENON1T 90% C.L. exclusion limit [31] . Here, we adopt the normalization in Eq. (24) , and assume f
We also show the sensitivity of XENONnT [32] in the green solid line. In addition, for comparison, we show the values of g M and g E predicted in Model I-A, which have already been shown in Fig. 2 . It is found that the DM direct detection experiments are able to probe the singlet Dirac fermion DM at the TeV 
Electric Dipole Moments
As we mentioned above, the DM-EDM is induced only in the presence of CP phases in the couplings of new particles. Such CP phases may also induce CP-odd quantities in the SM sector, which can be probed via the measurements of the EDMs of electron and nucleons. In this section, we evaluate these EDMs induced in our models.
CP violation in the DM interactions
Let us first consider the case with ϕ µ f = 0. In this case, in Model I, the non-zero CP phase ϕ µ f induces the Weinberg operator [11] at the two-loop level through the diagram depicted in Fig. 8 : where f ABC denotes the structure constants of SU (3) and µνρσ is the totally antisymmetric tensor with 0123 = 1. We give an analytical expression for the Wilson coefficient w in Appendix E.1, which we derive from generic results obtained in Ref. [34] .
This Weinberg operator induces non-zero EDMs of nucleons, which are estimated by means of the QCD sum rules [35] :
for N = n, p, where w(1 GeV) denotes the Wilson coefficient of the Weinberg operator at the scale of 1 GeV. In our numerical analysis, we use d N (w)/e = +20 MeV × w(1 GeV) as a reference value. We obtain w(1 GeV) by evolving the Wilson coefficient from the matching scale down to 1 GeV according to the renormalization group equation (RGE). The RGE for w at the leading order is given by [36] 
where N c = 3 and N f are the numbers of colors and quark flavors, respectively, and µ R denotes the renormalization scale.
In Fig. 9 , we show the nucleon EDM induced by the CP-violating couplings between the DM and the mediator fields. Here, we take the same parameter sets as in Model I-A in Fig. 2 , with arg(b) = 0.1 and 45 degrees in the black solid and dashed lines, respectively. The dark and light magenta regions correspond to the current bound on the neutron EDM (|d n | ≥ 2.9 × 10 −26 e · cm [37] ) and the future prospects for the observation of the proton EDM (|d p | ≥ 2.5 × 10
−29 e · cm [38] ), respectively. As we see, although the present limit is not sensitive to the CP phases in the DM couplings yet, they may be probed in future measurements of the nucleon EDMs. Notice that the Weinberg operator depends on the CP phases in the DM couplings in the same manner as the DM EDM, as we see from Eqs. (50) and (110). We thus expect a strong correlation between the DM-nucleus −26 e · cm [37] ) and the future prospects for the observation of the proton EDM (|d p | ≥ 2.5 × 10
−29 e · cm [38] ), respectively.
scattering cross section and the nucleon EDM with respect to the CP phases in the DM couplings, which we actually see in the subsequent section.
CP violation in the vector-like fermion-Higgs couplings
The CP phases in the vector-like fermion-Higgs couplings, ϕ κf , can also be probed in EDM experiments, as they induce the electron EDM at two-loop level through the BarrZee diagrams [42] shown in Fig. 10 :
The resultant expressions for these two-loop contributions are summarized in Appendix E.2.
The predicted values of the electron EDM in Model I and II are then given in Figs. 11 and 12. In Fig. 11 , we show each contribution to the electron EDM as a function of the fermion mass parameter µ. The black, red, blue, and green lines represent the total, W W , hγ, and hZ contributions, respectively, with the sign of each contribution indicated explicitly. Here, the hγ and hZ contributions come from the upper left diagram while the W W contribution from the other diagrams in Fig. 10 . We set µ Q = µ L = µ + 100 GeV, µū = µ + 50 GeV, µd = µē = µ, κ = κf = κ f , |κ| = 0.5, and arg(κ) = 45 deg. The dark and light gray areas correspond to the present bound on the electron EDM (|d e | ≥ 8.7 × 10 −29 e · cm [39] ) and the future prospects for the observation of the electron EDM (|d e | ≥ 1.0 × 10 −30 e · cm [40, 41] ), respectively. As we see, the signs of the W W contributions in Model I and II are different from each other. We then show the contour plots for the electron EDM in the µ-arg(κ) plane in Fig. 12 , with the same parameter sets except for arg(κ). These plots show that even the present limit gives a strong constraint on the vector-like fermions at the TeV scale if there is an O(1) CP phase in their couplings, which may be pushed down to as strong as O(0.01) in the future.
In Model I, a non-zero value of ϕ κf also induces the EDM and chromo-EDM of quarks through the Barr-Zee diagrams, 9 which then give rise to the nucleon EDMs. We see however that the limit from the neutron EDM is weaker than that from the electron EDM; we hence do not give further analyses on this here, though we provide an analytical expression of the quark chromo-EDM in Appendix E.2 just for completeness. Nevertheless, we note in passing that the quark EDM and chromo-EDM can be important when we discuss the effect of the Weinberg operator considered in the previous subsection, as all of these quantities can give comparable contributions to nucleon EDM.
Results
Now we study the experimental constraints discussed above on the parameter space of our models and assess their testability. We again consider the simplified scenarios described in Sec. 4 with parameters taken to be a = |b| = 1, λ Q = λ L = 0, λ f = κf = κ f = 0.5, Figure 11 : Each contribution to the electron EDM as a function of the fermion mass parameter µ. Black, red, blue, and green lines show the total, W W , hγ, and hZ contributions, respectively, with the sign of each contribution indicated explicitly. We set µ Q = µ L = µ + 100 GeV, µū = µ + 50 GeV, µd = µē = µ, κ = κf = κ f , |κ| = 0.5, and arg(κ) = 45 deg. Dark and light gray areas correspond to the present bound on the electron EDM (|d e | ≥ 8.7 × 10 −29 e · cm [39] ) and the future prospects for the observation of the electron EDM (|d e | ≥ 1.0 × 10 −30 e · cm [40, 41] ), respectively.
µ Q = µ L = 800 GeV, µū = 750 GeV, µd = µē = 700 GeV, m Q = m L = 1.2M , mū = 1.1M , md = mē = M , Af = 2M , and M = 1.1m χ . Let us begin with the CP-conserving cases. Figure 13 shows the current limits provided by XENON1T [31] (green shaded area) and the expected sensitivity of XENONnT [32] (green solid line) in the parameter space of each model. The gray shaded area represents the region where the DM density exceeds the observed value: Ω DM h 2 ≥ 0.12. Here, we take arg(b) = 0. We find that at present the allowed region with Ω DM h 2 ≤ 0.12 exists in all of the models, where the masses of both the DM and new scalar particles are predicted to be at the TeV scale. All of these allowed regions can be fully probed in the future direct detection experiments.
Next we discuss the cases where there is a non-zero CP phase in the DM-mediator interactions. In Fig. 14 , we again show current limits provided by XENON1T [31] (green shaded area) and the expected sensitivity of XENONnT [32] (green solid line) in the parameter space of each model, where we now vary arg(b). We also show the predicted values of the nucleon EDM in the magenta solid lines, as well as the expected reach provided by the future nucleon EDM search, |d p | ≥ 2.5 × 10
−29 e · cm [38] , in the magenta shaded region. The gray shaded area represents the region where the DM density exceeds the observed value: Ω DM h 2 ≥ 0.12. Here we take m χ = 3 TeV, 2 TeV, 2 TeV, 2 TeV, , the current limits are so severe that most of the parameter space with Ω DM h 2 ≤ 0.12 has already been disfavored. In addition, we see a correlation between the direct detection bound and the predicted value of the nucleon EDM in the case of Model I, as expected, though it turns out that the regions which can be covered by the future nucleon EDM searches have already been excluded by the XENON1T limit. We however note that EDM experiments may still be able to probe both Model I and II since CP phases in the vector-like-fermion-Higgs couplings induce the electron and nucleon EDMs without generating the DM EDM, as we see in the previous section. All in all, even though the relevant physical observables (such as the DM detection rate and electron/nucleon EDMs) are always induced at loop level in the singlet Dirac fermion DM scenarios discussed in this paper, they are still detectable in the forthcoming experiments, and thus these scenarios could be put on the table to be thoroughly investigated in the future.
Conclusion
In this paper, we have studied simplified models for a singlet Dirac fermion DM which interacts with the SM particles only through radiative corrections. We have considered To see the experimental implications of the rich phenomenology of the Dirac fermion DM, in this paper, we consider the DM direct detection experiments and the EDM measurements, with particular emphasis on the effect of CP phases on the observables in these experiments. For direct detection experiments, it turns out that the current limit set by the XENON1T experiment has already started to be excluded the parameter space. In particular, if there is a sizable CP phase in the DM-mediator couplings, the DM direct detection rate is significantly enhanced due to the DM-EDM contribution via the photon exchange so that even the current limit excludes a wide range of the parameter space. We also find that the future DM experiments can basically probe all of the parameter region favored by the thermal relic abundance of the DM. As mentioned above, CP phases in the DM-mediator couplings, which generate the DM-EDM, also induce the nucleon EDMs in Model I, and in fact we have found a correlation between these observables.
It is found that the future measurements of nucleon EDMs are less promising compared with the DM direct detection experiments if these phases are the only source of the extra CP violation. If, on the other hand, there are CP phases in the couplings between the vector-like fermions and the SM Higgs field, these phases induce the electron EDM, which may be probed in the future experiments if the vector-like fermions are at O(1) TeV. Consequently, even though the relevant observables are generated only at the loop level, both the DM direct searches and the EDM experiments are quite promising for testing the singlet Dirac DM scenario discussed in this paper, which makes this scenario a suitable benchmark for the forthcoming experiments.
Appendix

A Interactions in Mass Eigenbasis
In this section, we write down the interactions of the new particles in the mass eigenbasis. We here use the four-component notation, with vector-like fermion mass eigenstates defined by
A.1 Gauge interactions
We list the gauge interaction terms that are relevant for the discussion in this paper.
where e > 0 is the electric charge of positron, g Z ≡ g 2 + g 2 , g and g are the gauge coupling constants of U(1) Y and SU(2) L , respectively, P L/R ≡ (1 ∓ γ 5 )/2, Q f and T 3f are the electric charge and the weak isospin of the fermion f , respectively, θ W is the weak mixing angle, and
A.2 Higgs couplings
The relevant part of the Higgs interactions is
where λ
L , and λν = 0.
A.3 Dark matter couplings
In the mass eigenbasis, the terms in Eq. (4) are given as follows:
where
, and aν = bν = 0.
B Effective Interactions of Singlet Dirac Fermion DM
In this appendix, we summarize the one-loop formulae for the Wilson coefficients of the effective operators considered in Sec. 4.
B.1 DM-photon effective interactions
The Wilson coefficients of the DM-photon effective interactions given in Eq. (23), which are induced by the diagrams shown in Fig. 1 , are computed as
and N c is the color factor: N c = 3 (1) for Model I (II). The mass functions in the above expressions are given by
and
We have checked that µ χ and b χ in Ref. [7] are reproduced from the above expressions for C 
B.2 DM-Z effective interactions
The diagrams in Fig. 1 also generate the effective DM-Z vector coupling, 11 which gives rise to the DM-quark vector interactions. In the broken phase, this coupling is represented by
where the coupling C χZ is given by
where ∆ ,µ denotes a divergent constant term. This divergent constant does not appear in C χZ since
follows from the unitarity of V f L/R and V f , and thus the divergent terms in g Z1 and g Z1 cancel with each other. We further note that the effective DM-Z coupling C χZ can be generated only after the electroweak symmetry is spontaneously broken; since the DM is singlet under the electroweak gauge symmetry, it can couple to the Z boson only via the electroweak symmetry breaking effects. Diagrammatically, such effects are represented by the insertion of the Higgs VEVs into the diagrams in Fig. 1 , and they are represented by effective interactions including the Higgs field with more than dimention six. We have checked that the above expressions are consistent with the result given in Ref. [7] .
B.3 DM-Higgs effective interactions
The DM-Higgs effective scalar coupling is induced by the one-loop diagrams shown in Fig. 3 . We parametrize the coupling in the broken phase as
Again, the generation of this coupling requires the electroweak symmetry breaking. It is represented by effective operators including the Higgs field with more than dimension-five. We neglect the pseudo-scalar coupling as it is always suppressed by the DM velocity. The coupling C χh is computed as follows:
and the mass functions are given by
.
Again, the divergent constant ∆ ,µ in g h1 does not contribute to C χh since
We have checked that the above expressions are consistent with the results given in Refs. [7, 9] .
B.4 DM-gluon effective interactions
The diagrams in Fig. 4 give rise to the effective DM-gluon scalar coupling. 12 At the vectorlike fermion mass threshold, the Wilson coefficient of the gluon operator in Eq. (25) , C g S (m vec ), is given by [44] 
where C ij f χSS is defined in Eq. (52) and
B.5 Low-energy DM-quark/gluon couplings
The DM-quark low-energy effective interactions in Eq. (25) are obtained from the DM-Z and DM-Higgs effective couplings, C χZ and C χh , by integrating out the Z and Higgs boson fields, respectively:
where T 3q = +1/2 (−1/2) and Q q = 2/3 (−1/3) for up-type (down-type) quarks, v 246 GeV is the Higgs VEV, θ W is the weak-mixing angle, and m h is the Higgs boson mass. For the DM-gluon low-energy coupling C g S , not only the contribution from the diagrams in Fig. 4 , C g S (m vec ), but also those from the DM-heavy quark interactions induced by the Higgs coupling C χh should be included. We thus have
where the second term in the right-hand side represents the contributions from charm, bottom, and top quarks. These long-distance contributions receive relatively large QCD corrections-for the inclusion of such corrections, see Refs. [27, 45] .
C Velocity Integrals
As we see in Sec. 4.3, to obtain the differential event rate we need to perform the following velocity integrals:
With this constant N , the distribution function f (v) is normalized such that
In what follows, we summarize analytical expressions of the integrals in Eq. (94). The analytical expression for the integral ζ(E R ) is given in Refs. [46, 47] :
• For v min > |v esc − v E | and v E + v esc > v min ,
• For v E > v min + v esc ,
• For v E + v esc < v min , ζ(E R ) = 0 .
An analytical expression for ξ(E R ) is given as follows: 
• For v E + v esc < v min , ξ(E R ) = 0 .
We have checked that these results are consistent with those given in Ref. [48] .
D Direct Detection Limits/Prospects
In this section, we show our prescription for the estimate of the current limit and future prospects of the direct detection experiments. For the current bound, we use the latest result from the XENON1T experiment [31] , while for a future experiment, we consider XENONnT [32] . We have checked that the sensitivity of the LZ experiment [33] is as good as that of XENONnT. Recently, the XENON1T collaboration reported their latest result of DM direct search based on data with an exposure w exp = 278.8 days × 1.30(1) ton. The expected number of DM-nuclei scattering events in this experiment is estimated as follows [49] :
where S = 70 PE, σ PMT is the average single-PE resolution of the photomultipliers, (E R ) is the detection efficiency, and ν(E R ) is the expected number of PEs for a given recoil energy E R . We conservatively take σ PMT = 0.4 [50, 51] , and read (E R ) from the black solid line in Fig. 1 in Ref. [31] . We obtain ν(E R ) from the S1 yield given in the lower left panel in Fig. 13 in Ref. [32] , which corresponds to ν(E R )/E R .
13
To derive a bound from XENON1T, we consider the following Test Statistic as in Ref. [53] :
where N obs and N BG are the numbers of the observed and background events, respectively, and L BG ≡ L(0). We obtain 90% CL limits from the condition TS(m χ ) > 2.71, with N obs = 14 and N BG = 7.36(61) [31] , which corresponds to N event 19.5. We have checked that the bound obtained in this way is more conservative than the XENON1T limit [31] by a factor of ∼ 2.
To assess the future prospects, we consider XENONnT with an exposure w exp = 20 t · yrs. We then apply the maximum gap method [54] on the assumption of zero observed events, following Ref. [55] ; namely, we require 1 − exp(−N event ) ≥ 0.9, which corresponds to N event 2.3. 13 We can also estimate ν(E R ) using
where S NR = 0.95 is the light yield suppression factor for nuclear recoils due to the electric field, L y = 7.7 PE/keV [32] is the average light yield, and L eff is the relative scintillation efficiency given in Ref. [52] . We have checked that ν(E R ) obtained in this manner is in a good agreement with that estimated from the S1 yield.
E Electric Dipole Moments
In this section, we summarize the analytical expressions used in the calculation of the nucleon and electron EDMs.
E.1 Weinberg operator
The Wilson coefficient of the Weinberg operator in Eq. (38) is obtained by computing the diagram in Fig. 8 :
Here, m h , m Z , and m W are the Higgs, Z, and W boson masses, respectively, and m e (≡ y e v/ √ 2) is the electron mass. In Model I, the CEDM for quark q
is also generated from the upper left diagram in Fig. 10 with the γ/Z lines replaced with gluon lines. The resultant expression is given bỹ 
where the quark Yukawa coupling constant y q is given as m q = y q v/ √ 2 (m q : quark mass).
